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We study the impact of spin wave damping (α) on the auto-oscillation properties of nano-
constriction based spin Hall nano-oscillators (SHNOs). The SHNOs are based on a 5 nm Pt layer
interfaced to a 5 nm Py100−x−yPtxAgy magnetic layer, where the Pt and Ag contents are co-varied
to keep the saturation magnetization constant (within 10 %), while α varies close to a factor of
three. We systematically investigate the influence of the Gilbert damping on the magnetodynamics
of these SHNOs by means of electrical microwave measurements. Under the condition of a constant
field, the threshold current scales with the damping in the magnetic layer. The threshold current as
a function of field shows a parabolic-like behavior, which we attribute to the evolution of the spatial
profile of the auto-oscillation mode. The signal linewidth is smaller for the high-damping materials
in low magnetic fields, although the lowest observed linewidth was measured for the alloy with least
damping.
PACS numbers: 75.70.-i, 76.50.+g, 75.78.-n
INTRODUCTION
Spin Hall nano-oscillators (SHNO) are spintronic de-
vices in which magnetization oscillations are induced by
pure spin currents [1]. These pure spin currents can be
experimentally realized via the spin Hall effect (SHE)
in an adjacent heavy metal layer [2–4] or by non-local
spin injection [5, 6]. SHNOs, which use the SHE in
a heavy metal layer, have been fabricated in a vari-
ety of device layouts, which all utilize the focusing of
charge current into a region with a lateral size of tens
to hundreds of nanometers. This focusing is commonly
done via a nano-gap between two highly conductive elec-
trodes [3, 7, 8], with a nanoconstriction [9–13], or with
a nanowire [14, 15]. Most recently, nanoconstriction-
SHNOs have attracted large interest, due to their rel-
ative ease of fabrication, their direct optical access to
the magnetization oscillation area, and their potential for
large scale and large distance synchronization of multiple
SHNOs [16, 17].
Nanoconstriction-SHNOs consist of a bilayer of a fer-
romagnetic free layer and a SHE inducing heavy metal
layer. Since the SHE and the concomitant spin accumu-
lation at the bilayer interface are only influenced by the
current density in the heavy metal layer, magnetization
oscillations of the device under a constant current can
be directly linked to the magnetodynamic properties of
the magnetic free layer. Until now, the variety of materi-
als from which SHNOs has been fabricated is limited to a
few standards like permalloy (Py, Ni80Fe20), (Co,Fe)B, or
yttrium iron garnet (YIG). However, these materials are
different from each other in every one of the key magneto-
dynamic parameters, such as magnetization (M), Gilbert
damping (α), or exchange constant (A).
In a recent study, we have shown how the magneto-
dynamic properties of Py can be engineered by alloying
with the noble metals Pt, Au, and Ag [18]. While alloy-
ing with Pt leads to a large increase in damping but only
a small decrease in magnetization, alloying with Ag has
only a weak effect on the damping but reduces the mag-
netization relatively strongly. Co-alloying with both ele-
ments Pt and Ag thus results in Py100−x−yPtxAgy films,
whose M and α can be tuned independently, e.g. the
magnetization can be kept constant, while the damping
is strongly increased with increasing Pt concentration.
Here, we employ a series of alloyed Py100−x−yPtxAgy
thin films in nanoconstriction-SHNOs, where we vary the
effective damping of the free layer by a factor of three,
while we keep the magnetization of the films constant.
Based on these films, we fabricate geometrically identical
nanoconstriction-SHNOs and compare their microwave
auto-oscillation characteristics. This allows us to directly
analyze the influence of one single magnetodynamic prop-
erty, namely the Gilbert damping, on the spectral char-
acteristics, i.e. the onset current (IthDC), the output power
(P ), and the linewidth (∆f).
SPIN HALL NANO-OSCILLATOR DEVICES
Bilayers of 5 nm Py100−x−yPtxAgy and 5 nm Pt were
sputter-deposited onto sapphire substrates in a high-
vacuum chamber with a base pressure of less than
3× 10−8 Torr. The deposition was carried out with
3 mTorr argon gas at a flow rate of 30 sccm. The alloyed
layers were co-sputtered from up to 3 targets, and the
Py target power was kept constant at 350 W, while the
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FIG. 1. (a) Schematic representation of the sputtered bilayer
structure. (b) SEM micrograph of a nanoconstriction-SHNO
showing the relative orientations of current and field. (c) Op-
tical micrograph showing the microwave wave guide used for
contacting the SHNOs.
noble metal sputtering powers and the sputtering time
was adjusted for composition and thickness, respectively.
The top Pt layer was magnetron sputtered with a dc
power of 50 W. The alloy compositions are Py84Ag16
(S01), Py77.5Pt10Ag12.5 (S02), Py75Pt15Ag10 (S03), and
Py73Pt19Ag8 (S04), chosen to result in a constant satura-
tion magnetization throughout the series of SHNOs [18].
Devices for electrical measurements were fabricated
from these bilayers by electron beam lithography and ar-
gon ion beam etching, using the negative resist as an etch-
ing mask. Nanoconstrictions were formed by two sym-
metrical indentations with a 50 nm tip radius into 4µm
wide stripes, see Fig. 1(b). The width of the nanocon-
strictions is 150 nm. Finally, 1µm thick copper waveg-
uides with a 150 µm pitch were fabricated by optical
lithography and lift-off, see Fig. 1(c).
FILM CHARACTERIZATION
Characterization of the extended bilayer samples was
performed by ferromagnetic resonance (FMR), and two-
point anisotropic magneotresistance (AMR) measure-
ments. The FMR was carried out with in-plane applied
fields using a NanOsc Instruments PhaseFMR with a
200 µm wide coplanar waveguide (CPW). An asymmet-
ric Lorentzian was fit to the absorption peaks. The fre-
quency dependence of the determined resonance fields
and linewidths was subsequently used to extract the ef-
fective magnetization (µ0Meff) and the damping param-
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FIG. 2. (a) Magnetization and damping of the alloyed films
in the bilayer as measured by CPW-based FMR. (b) AMR of
the extended layer structure. The inset shows the angular-
dependent relative resistance of the Py84Ag16/Pt (S01) bi-
layer, together with a fit to a cos2-function.
eter (α), respectively [18]. Figure 2(a) shows the two
parameters, µ0Meff and α, as a function of Pt concen-
tration. The magnetization is constant throughout the
sample series (µ0Meff = 0.617(34) T), while the damp-
ing increases linearly from 0.023(1) to 0.058(3) as the
Pt concentration increases from 0 (Py84Ag16) to 19 %
(Py73Pt19Ag8). The small layer thickness compared to
the films in Ref. 18 results in a slightly lower magnetiza-
tion, whereas the damping is enhanced as a consequence
of spin pumping into the adjacent Pt layer [19–21].
The AMR was determined by probing the resistance
of 4 µm wide stripes in a rotating 90 mT in-plane mag-
netic field. A representative AMR measurement is pre-
sented in the inset of Fig. 2(b), together with a fit of a
cos2-function to the data. The angle ϕ = 0◦ denotes a
perpendicular orientation between current and field, and
the AMR (Fig. 2(b)) is calculated by the difference in
resistance at perpendicular and parallel alignments via
AMR =
R‖−R⊥
R⊥
. The AMR is below 1 %, which is a re-
sult of the majority of the current flowing through the
nonmagnetic platinum layer, which has a higher conduc-
tivity than the Py alloys. The AMR reduces by ≈ 30 %
across the samples series, but the absolute resistance of
the bilayers decreases by less than 5 %. The AMR magni-
tude is therefore most likely governed by the alloy compo-
sition, since the amount of current in the magnetic layer
does not change significantly.
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FIG. 3. Power spectral density (PSD) of the Py84Ag16/Pt
(S01) SHNO as a function of current in an external field of
µ0Hext = 0.5 T, tilted 80
◦ OOP. The inset shows the PSD at
IDC = 3.26 mA and the solid line is a Lorentzian fit resulting
in ∆f = 5.98 MHz and P = 1.02 pW.
MICROWAVE EMISSION MEASUREMENTS
AND DISCUSSION
The microwave measurements were conducted with the
devices placed in a magnetic field oriented at an out-of-
plane (OOP) angle of 80◦ from the film plane, and an
in-plane angle of ϕ = 0◦. The in-plane component of the
magnetic field (HIPext) was thus perpendicular to the cur-
rent flow direction, as sketched in Fig. 1(b). The relative
orientation of the current and HIPext yields a spin-torque
caused by the spin current from the Pt layer, which re-
duces the damping in the Py layer and leads to auto-
oscillations for sufficiently large positive applied dc cur-
rents (IDC) [22]. The current was applied to the samples
via the dc port of a bias-tee and the resulting microwave
signals from the devices were extracted from the rf port of
the bias-tee. The microwave signals were then amplified
by a broadband (0.1 to 40 GHz) low-noise amplifier with
a gain of +32 dB before being recorded by a spectrum an-
alyzer (Rohde&Schwarz FSV-40) with a resolution band-
width of 500 kHz. All measurements were carried out at
room temperature.
A typical microwave measurement of a Py84Ag16/Pt
(S01) device in a constant field of µ0Hext = 0.5 T and
a varying current is displayed in Fig. 3. The peak fre-
quency first decreases slightly after the oscillation onset
at IthDC = 2.26 mA, then reaches a minimum at ∼ 2.6 mA,
and finally increases up to the maximum applied current
of 3.4 mA. A Lorentzian peak function fits well to the
auto-oscillation signal, see inset of Fig. 3, allowing for de-
termination of the full-width at half-maximum linewidth
(∆f) and the integrated output power (P ). Besides the
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FIG. 4. (a) Frequency, (b) linewidth, and (c) integrated power
of the microwave auto-oscillations as a function of current for
four different SHNOs with increasing damping. The applied
field is µ0Hext = 0.5 T, tilted 80
◦ OOP.
highly coherent auto-oscillation mode, no other modes
are excited under these field conditions.
Figure 4 shows the determined auto-oscillation char-
acteristics of SHNOs with different alloy composition
and damping. The measurements were again made in
a constant field of 0.5 T. The oscillation frequencies in
Fig. 4(a) lie around 6.0±0.1 GHz for all samples, and the
current-frequency dependence is virtually identical above
the individual threshold currents. However, the current
range where f decreases with IDC is missing for the S04
sample, which suggests that the threshold current is un-
derestimated for this device. The comparable frequencies
of all samples confirm that the saturation magnetization
is constant throughout the alloy series. Furthermore, the
quantitatively similar current tunability implies that the
increased damping does not change the fundamental na-
ture of the excited auto-oscillation mode.
The linewidth of the SHNOs decreases rapidly after the
auto-oscillation onset and then levels off for higher IDC
values, as shown in Fig. 4(b). This behavior is consistent
with previous studies on nanoconstriction-SHNOs made
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FIG. 5. Threshold current (IthDC) as a function of external
magnetic field for the four devices of this study.
of permalloy films [11, 17]. The low-damping device S01
reaches its minimum level at ∆f ∼ 11 MHz, while the
SHNOs with higher damping materials all have a simi-
lar minimum linewidth of ∆f ∼ 5 MHz. The linewidth
is inversely proportional to the mode volume [23], and
the decrease in ∆f can therefore be attributed to a spa-
tial growth of the auto-oscillation region as the damping
increases. Nevertheless, the active area of the device is
confined to the nanoconstriction, which limits the reduc-
tion in linewidth.
The output power of the four nanoconstriction-SHNOs
is shown as a function of IDC in Fig. 4(c). The power
grows almost exponentially with increasing current for
all samples. However, P drops dramatically as the Pt
concentration increases. The AMR also decreases in the
higher damping samples, but the reduction is too small
to fully account for the drop in power. Together with the
trend in linewidth, the evolution of the power contradicts
the general assumption ∆f ∝ α/P [23–25]. This equa-
tion is only valid in the vicinity of the threshold current
and a direct comparison to the data is problematic, due
to the experimental difficulties of determining IthDC. Still,
the direct relation between the intrinsic oscillator power
and the electrically measured power is put into question
due to the remarkable decrease in the measured P . A
number of factors could influence the signal strength, e.g.
rectification, spin-pumping, and the inverse spin-Hall ef-
fect.
The onset current for auto-oscillations was determined
by current scans for external fields ranging between 0.3 T
and 0.8 T, and the results are shown in Fig. 5. The
field dependence of IthDC is parabola-like for all samples.
This kind of behavior has been predicted in a numerical
study by Dvornik et al. [13]. The non-monotonic behav-
ior of threshold current as a function of applied field is
a result of a re-localization of the auto-oscillation mode
and a corresponding change in the spin-transfer-torque
(STT) efficiency. In weak oblique magnetic fields, the
mode is of edge type and samples a significant portion of
the pure spin current, which is largest at the nanocon-
striction edges due to the inhomogeneous current den-
sity. When the field strength increases, the mode shows
an even stronger localization towards the region of the
higher current density. Thereby, the STT efficiency in-
creases and the threshold current drops. When the field
strength increases further, the mode detaches from the
edges and eventually transforms to the bulk type. As
this transformation gradually reduces the spatial corre-
lation between the spin current density and the location
of the mode, the STT efficiency drops and the threshold
current increases. The lower field tunability of IthDC of
the high damping samples imply an initially larger mode
volume, which also was suggested by the evolution of the
linewidth.
The field and current range with detectable auto-
oscillations is strongly dependent on α. The threshold
current should increase linearly with damping [13] and
the minimum IthDC indeed scales with α. The enhance-
ment is smaller than predicted (a factor of three), which
indicates that the increase in damping is accompanied
with a higher STT efficiency. A possible reason for the
improved efficiency is a larger SHE through a more trans-
parent interface for alloyed films. The origin of the ob-
served damping dependence of the threshold field is un-
clear at this stage, calling for a closer inspection of the
impact of the applied field on the spectral characteristics.
Thus, a further investigation of our devices is targeted
towards the microwave emission as a function of field
with a constant IDC = 3.2 mA, i.e. above or at the pre-
viously measured auto-oscillation threshold for all fields.
While the peak frequencies are virtually identical for all
the samples, see Fig. 6(a), the varied damping manifests
in a clear pattern in P and ∆f . The microwave power,
shown in Fig. 6(c), firstly increases for all samples with
increasing field, peaks for an intermediate field, and fi-
nally drops relatively sharp until a point where no more
oscillations are detectable. An opposite behavior can be
seen for ∆f , which shows a minimum for intermediate
fields. The field at which the SHNOs emit their maxi-
mum output power decreases monotonically from 0.64 T
to 0.4 T with increasing damping. The same trend is
visible for the point of minimum linewidth, which de-
creases with increased damping from 0.71 T to 0.49 T,
and is therefore at a typically ∼0.1 T larger field than the
respective maximum power. The lowest overall linewidth
can be achieved for the lowest damping SHNO (S01) at
high fields, where only this device still shows a detectable
signal, i.e., ∆f = 1.2 MHz at µ0Hext = 0.71 T. How-
ever, at low applied fields µ0Hext ≤ 0.48 T a clear trend
is noticeable towards smaller linewidths for the alloyed
permalloy films with larger damping.
In light of this inverse trend, we can argue that auto-
oscillations in nanoconstriction-SHNO should also be de-
scribed in the framework of non-linear auto-oscillators,
although the study in Ref. 13 has shown that oscilla-
tions in nanoconstriction-SHNOs emerge from a local-
5Δf
(M
H
z)
(b)
(c)
4
6
8
10 S01
S02
S03
S04
1
10
100
300 400 500 600 700 800
0.1
1
Po
w
er
(p
W
)
Field (mT)
(a)
f(
G
H
z)
FIG. 6. (a) Frequency, (b) linewidth, and (c) integrated power
of the auto-oscillations as a function of the applied external
magnetic field at a constant drive current IDC = 3.2 mA.
ized linear mode. The generation linewidth of nanocon-
tact spin torque oscillators, which are a prime example
of non-linear auto-oscillators, has been studied analyti-
cally [23, 26] and experimentally [27]. The linewidth as
a function of current and magnetic field angle was shown
to follow the expression:
∆f =
Γ0
2pi
(
kBT
E0
)[
1 +
(
N
Γeff
)2]
, (1)
where kB , T , and E0(IDC/I
th
DC) are the Boltzmann con-
stant, temperature and the average oscillator energy, re-
spectively. N is the nonlinear frequency shift, a material
property that is determined by the internal magnetic field
and the magnetization [28]. Γeff is the effective nonlinear
damping rate and Γ0 is the positive damping rate, and
both have an explicit linear dependence on the Gilbert
damping α [23]. Assuming everything else equal amongst
our devices, a decrease of the linewidth with α can be
thus expected, when the second term in the brackets in
Eq. 1 dominates. This is likely for low to intermediate
fields, since N can be calculated to take up the largest
values under these conditions [28], which are thus in ac-
cordance with the range of fields, where we observe the
discussed linewidth vs. damping behavior in our devices.
CONCLUSIONS
In conclusion, we have fabricated a series of sam-
ples where the magnetization is constant, while the
spin wave damping is varied by a factor of three. We
have shown that the damping of the magnetic layer in
nanoconstriction-SHNOs has an important influence on
all the spectral characteristics of the devices. The re-
sults of our study will encourage the application of tai-
lored materials in SHNOs and can be used for a further
understanding of the magnetodynamics in nanodevices,
e.g. the coupling mechanisms in mutually synchronized
SHNOs.
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